Introduction 16
Macroscopic tribology often focuses on determining the friction coefficient and wear rate for 17 materials. Neither friction coefficient nor the wear rate are intrinsic physical property of the 18 material in question, and both depend on the specific structure, chemistry, elastic/plastic 19 properties of surfaces, as well as the environment in which measurements are performed, 20 mechanics of instrument, etc. Nanometer-scale measurements of friction and intermolecular 21 forces can disentangle the complex factors contributing to friction. Atomic force microscopy 22
Friction measurements using AFM 1
Measurements of surface topography and lateral force were performed in air at room 2 temperature using atomic force microscope (MAC Mode III, 5500 Scanning Probe 3
Microscopy, Agilent Technologies, US). PicoView 1.12 and PicoImage Basics 6.0 (Agilent 4 Technologies, US) software were used for data acquisition and image analysis, respectively. 5
Standard lateral force mode silicon probes (NanoWorld, distributed by Windsor Scientific, 6 UK) with nominal spring constant of 0.2 N/m and tip radii of 8 -10 nm were used. Actual 7
spring constant values for every cantilever were obtained using built-in thermal noise method 8
[23]. The measured constant varied in the range 0.2 -0.45 N/m. Normal forces were 9 calibrated by measuring the deflection sensitivity (nm/V) from the slope of the linear part of a 10 force-displacement curve obtained on a flat silicon surface. The normal force, F N , was set to 11 be zero at the point where the cantilever left the surface. Calibration of lateral forces using 12 commercially available gratings was achieved using the "wedge calibration method" 13 according to Ogletree et al. [24] . The probe geometry was obtained from the reconstruction of 14 the tip shape from imaging of a calibration sample consisting of sharp Si spikes, TGT1 (NT-15 MDT, cone angle 50°, Moscow, Russia) [25] . The spikes have very small radii and a cone 16 half angle similar to an angle of AFM probe. Therefore, the image of the spike is virtually the 17 image of the AFM tip representing more precise probe geometry. A reconstruction algorithm 18 presented in Refs. [25, 26] was built-in the PicoImage analytical software and was applied to 19 recover the shape of the cantilever tip. The geometric mean radius of the tip was calculated 20 by fit of a circle on the top of deconvoluted image profile. All calibration procedures were 21 done before and after friction experiments. Tip radii were measured to be 8 ± 2 nm and 20 ± 22 3 nm before and after the experiments, respectively. 23
For the friction measurements the instrument was operating in contact mode with the long 24 cantilever axis perpendicular to scanning direction. The lateral deflection was adjusted so that 25 it was zero with the tip out of contact with the surface. The normal applied load varied from 0 1 to 80 nN. For each load, topography and friction maps over areas of 1 x 1 m 2 consisting of 2 512 lines were recorded at scanning speed of 3.99 m/s. Friction forces were determined 3 from trace-retrace loops acquired along single lines by subtracting and halving mean signals 4 as described in Ref [1] . Surface area roughness of each sample was determined from 5 topographical images of the size of 10 x 10 m 2 using PicoImage software. Mean surface 6 roughness, S a (arithmetic mean height deviation), related to the analysis of 3D areal surface 7 texture, was calculated according to ISO 25178 standard using Gaussian filter 0.008 mm. 8 9
Results and Discussion 10

Coating composition, structure and mechanical properties 11
Three series of coatings were deposited, two with different Cr content and WSC as a 12 reference. The chemical composition measured by EPMA is shown in Table 1 . To facilitate 13 reading, we denominate coatings as WSC-Cr-X, where X is the chromium content. The 14 WSC-Cr coatings thickness increased with chromium content from 1.7 to 2.4 µm including 15 the 300 nm thick Cr interlayer improving adhesion. Coating structure and mechanical 16 properties were described in detail in our previous paper [22] and, thus, we will just 17 summarize the results here. XRD analysis of WSC coating showed very broad peak at 2  18 40º with an extended shoulder corresponding to a turbostrating stacking of (10L) planes 19 (L = 0, 1, 2, 3), and peak at 2  70º indexed as (110) planes. Such spectrum is typical for 20 structure with the lateral order of the basal planes not exceeding a couple of lattice 21 parameters [21] . TEM observation supports XRD results showing randomly oriented 22 separated WS 2 platelets embedded into a carbon matrix (Fig. 1) . Co-sputtering of Cr with 23 measured with AFM is shown in Fig. 2 and corresponding areal surface roughness is given in 1 peaks observed on Raman spectrum of WSC-Cr-0 coating almost disappeared in spectra of 8 chromium-containing coatings, which corroborates TEM observation. 9
Hardness and reduced elastic modulus of the coatings is given in Table 1 . Doping of WSC 10 with chromium led to higher hardness values, since easy shear of WS 2 platelets existing in 11 W-S-C film was eliminated due to amorphous nature of WSC-Cr coatings. 12 [2-4, 6, 7, 27]. Therefore, the friction force, F f , for single asperity contact is given by: 20 (1) 21 where A is the contact area and τ is the interfacial shear strength, which represents the 22 frictional force per interfacial atom. Typically, single-asperity contact area does not vary 23 linearly with load. A model for non-adhesive contact developed by Hertz [28] , showed that 1 AF N 2/3 . It is in a contrast to the dynamic contact of surfaces at macroscale, where friction 2 force depends linearly on the normal load, F N , F f = μF N , where μ is the friction coefficient. 3
The contact area, A, in the idealized case for non-adhesive junction of a spherical tip on a 4 perfectly flat surface is given by: 5
where R is the radius of the tip and 7 The simple Hertzian model, which assumes a hemispherical tip shape and neglects adhesive 11 forces, was successfully applied to systems with very low surface energy and small applied 12 static loads [3] . In reality, attractive forces between the tip and the sample are present and, 13 therefore, the effect of adhesion had to be included in subsequent models. If attractive forces 14 are only present inside the contact area, elastic deformation of the tip and sample are 15 given in Fig. 3 . As expected from single asperity theories, a non-linear dependence between 7 F F and F N was observed. Additionally, adhesive forces in the range of 13 -16 nN were 8 recorded from force-displacement curves. Load-dependent results were fitted to DMT-9
Maugis theory, also known as the Hertz-plus-offset model [3, 32] . In this model, a spherical 10 tip elastically deforms a flat surface, while the additional adhesive forces are indirectly 11 introduced via the increasing value of A: 12
where F n is an effective force acting between the surface and the sphere and is the sum of the 14 applied load and the adhesive forces (F n = F N + F ad ), F off is the constant offset caused by 15 adhesion. Thus the friction force is 16
It is assumed that  is constant, and F off should be lower than the adhesion force, F ad [3] . It 18 was also shown that the actual contact area would be proportional to the load and would 19 depend on the shape of the tip: in Hertzian case the contact area is proportional to F n 2/3 , while 20 for pyramidal or conical tips to F n 1/2 [3, 7] . The dependence contact area versus load can be 21 approximated as A ~ F n m with 0 < m < 1 at low loads (consequence of undefined tip/sample 22 contact). With the additional fitting parameter m, the Eq. 5 has been modified to 23
where C'=(R/K) 2/3 is the constant in units adequate to m. Our data were fitted to Eq. 6, and 2 results are summarised in Table 2 . In all cases, the condition F off << F ad was fulfilled. The m 3 value for coatings without Cr is close to that of Hertzian contact (0.666), whereas the best fit 4 for Cr containing coatings was achieved with lower m values. The deviation from 2/3 power 5 law is usually observed if the tip apex shows deviation from the spherical shape that might 6 occur due to wear or material transfer from sample to the tip. As referred to experimental 7 section, the increase in tip radii from initial 8 nm up to ~ 20 nm was observed for all AFM 8 tips that were used in this study. Tip reconstruction using TGT1 calibration standard did not 9 indicate formation of WSC-Cr film on the tip apex; neither tip fracture nor variation in the 10 shape of the tips were observed. Therefore, we expect the increase in tip radii should be 11 attributed to the tip wear. size. Shear strength reported in present study is close to that of MoS2; considering similar 10 crystal structure and frictional properties of MoS 2 and WS 2 , we can assume that easy-11 shearing WS 2 tribolayer was formed at the coating surface. 12
Friction coefficient as a function of load is shown in Figure 5 
18 where τ 0 is the interfacial shear strength and α is the material constant representing the 19 adhesive forces at zero load. Taking into account that our results of friction force dependence 20 on load deviates from perfect Herzian contact, we have modified Eq. 7 to: 21
By fitting Eq. 8 into our friction coefficient results presented in Fig. 5 , it was found that α 1 was approximately zero for all coatings, n  m-1, and C'' and F off were close to results 2 obtained by fitting data into Eq. 6 (Table 2) . 3 We should point out here that the friction coefficient is typically independent of load or 4 increasing with load. Labuda et al. [41] showed that the friction of Au (111) measured by 5 AFM is almost constant in the load range 0-5 nN, whereas the friction of gold oxide sharply 6 increased. Graphene tested as single sheet or in bilayer form exhibited small increase in 7 friction with increasing load [42] . In fact, decrease in friction coefficient with load was 8 observed mostly for TMD materials and some polymers [43] . The combination results shown 9
in Figure 5 and the shear strength close to MoS 2, strongly suggests that AFM sliding 10 experiments forms similar WS 2 tribolayer to those observed in the wear tracks produced by 11 macroscopic pin-on-disc testing. Our AFM-LFM study does not show any significant 12 difference between WSC and WSC-Cr frictional behaviour at nanoscale. Although WSC-Cr 13 coatings fail to form pure WS 2 tribolayer when sliding against steel counterpart in humid air, 14 they provide such low-friction layer during nanoscale sliding with silicon tip. 
